Locating planets in circumstellar Habitable Zones is a priority for many exoplanet surveys. Space-based and ground-based surveys alike require robust toolsets to aid in target selection and mission planning. We present the Catalog of Earth-Like Exoplanet Survey Targets (CELESTA), a database of Habitable Zones around 37,000 nearby stars. We calculated stellar parameters, including effective temperatures, masses, and radii, and we quantified the orbital distances and periods corresponding to the circumstellar Habitable Zones. We gauged the accuracy of our predictions by contrasting CELESTA's computed parameters to observational data. We ascertain a potential return on investment by computing the number of Habitable Zones probed for a given survey duration. A versatile framework for extending the functionality of CELESTA into the future enables ongoing comparisons to new observations, and recalculations when updates to Habitable Zone models, stellar temperatures, or parallax data become available. We expect to upgrade and expand CELESTA using data from the Gaia mission as the data becomes available.
INTRODUCTION
Target selection is crucial to the success of future exoplanetary missions, many of which aim to find Earth-mass planets in Habitable Zones: regions around host stars where liquid water may exist on their surfaces (Huang:1959vl; Kasting et al. 1993) . This a primary goal of missions in operation such as K2 (Howell et al. 2014) , the repurposed Kepler spacecraft, plus upcoming missions like the Transiting Exoplanet Survey Satellite (TESS; Ricker et al. 2015; Sullivan 2015) . The Habitable Zone (HZ) is determined by the properties of the host star, and the Catalog of Earth-Like Exoplanet Survey Targets (CELESTA) we present here computes the necessary parameters, enabling CELESTA to serve as a target selection tool to assist in mission planning and operations.
Catalogs such as the Catalog of Nearby Habitable Systems (HabCat; Turnbull & Tarter 2003) , have concentrated on individual stellar abundances in relation to habitability considerations. Work dependent on the original Hipparcos catalog would benefit from the improvements van Leeuwen (2007) made in Revised Hipparcos Catalog, further detailed in Section 3.1.1. CELESTA contains 37,354 stars, up from 17,129 Hipparcos stars found in HabCat (Turnbull & Tarter 2003) . Furthermore, advances have been made in the understanding of HZ properties (e.g. Kopparapu et al. 2014 ) and stellar temperatures (e.g. McDonald et al. 2012) in the last few years. Existing works that make use of HabCat will also benefit from the upgrades provided by CELESTA, especially by the improved temperature and HZ distance calculations.
The most critical element to target selection is the un-derstanding of the stars themselves. In this work, we derive the stellar parameters and HZ radii for stars of the Revised Hipparcos Catalog (van Leeuwen 2007), a re-reduction of the original Hipparcos catalog (Perryman et al. 1997) , the largest sample of accurate stellar parallactic distances to date. The Revised Hipparcos Catalog contains 117,955 bright, nearby stars, along with parallax data from which we can calculate distances. McDonald et al. (2012) built upon the Revised Hipparcos Catalog and created a catalog of 107,619 stars that included stellar temperatures and luminosities. Kopparapu et al (2013 Kopparapu et al ( , 2014 , furthering work from Kasting et al. (1993) , put forth a set of coefficients for stellar parameters to be used in determining the boundaries of HZs. The Exoplanet Data Explorer ) providesd a comparison sample against which to test our catalog. Looking to the future, the Gaia mission (de Bruijne et al. 2015) will allow for upgrades to CELESTA, simultaneously increasing the number of stars and the precision of the calculations contained in CELESTA. This analysis results in a catalog of 37,354 stars with their expected HZs, using data from multiple sources. In Section 2 we provide a brief synopsis of the data and terminology used in the analysis of habitable zones around exoplanets. In Section 3 we detail the creation of CELESTA, including describing the data sources utilized and our methods for selecting stars to be included. A sample from CELESTA 3 is contained in Section 4. Section 6 covers example applications of CELESTA.
BACKGROUND: HABITABLE ZONES
A Habitable Zone (HZ), also known as a Goldilocks Zone or a Comfort Zone, can be categorized into four classes (Forget 2013) . Class I, the only class considered by this paper, covers Earth-like planets residing in a shell around one or more host stars where a planet or other body could potentially harbor liquid water on its surface (Huang 1959; Kasting et al. 1993 ) and receive sunlight. Class II zones are regions where planets no longer possess liquid water on their surfaces, e.g. Mars or Venus. Class III describes worlds with liquid water below the surface but in direct contact with a silicate core e.g. Europa, and Class IV describes planets with liquid water trapped between layers of ice, e.g. Io. For linguistic convenience we shall refer to the host(s) as a star, and the objects orbiting these stars as planets. Planets on eccentric orbits may pass in and out of the HZ (Kane & Gelino 2012a ). Here we only consider the boundaries of the HZ, without exploring the orbits of the planets themselves. The HZ is oft considered from two different perspectives: the Optimistic Habitable Zone (OHZ) and Conservative Habitable Zone (CHZ). The OHZ and CHZ each contain an inner boundary (H 2 O dominated atmosphere) and outer boundary (CO 2 dominated atmosphere): the OHZ is bound on the inside (closest to the star) by the Recent Venus boundary and on the outside (furthest from the star) by the Early Mars limit; the CHZ lies between the inner Runaway Greenhouse border and the outer Maximum Greenhouse cutoff. Figure 1 , courtesy of the Habitable Zone Gallery (http://hzgallery.org; Kane & Gelino 2012b) , portrays these regions graphically. Kopparapu et al. (2013 Kopparapu et al. ( , 2014 provide details of these divisions. "Earth-like" exoplanets, for the context of this paper, refers to planets that fall within the terrestrial regime of R planet ≤ 1.5R ⊕ as described by Rogers (2015) .
CATALOG CREATION

Input Data Sources
The first step in creating CELESTA was assembling the input data. The following is a brief description of each source and how that source pertains to CELESTA.
The Revised Hipparcos Catalog
The Revised Hipparcos Catalog (van Leeuwen 2007) is a stellar catalog based on the original Hipparcos mission (Perryman et al. 1997) First, a blackbody is fit to derive an approximate effective temperature and luminosity. On this basis, the star is classified as a giant or main-sequence star. Giant stars are assumed to be 1 M 4 For the SED-fitting process, stellar mass only sets the surface gravity, therefore only has a second-order impact on the derived parameters. We do not compute habitable zones for giant stars in this work. The mass-temperature relation CELESTA employed is illustrated in Figure 2 .
For this paper, the original catalog from McDonald et al. (2012) was re-reduced using a slightly updated version of the spectral energy distribution pipeline, in order to correct for an interpolation artifact when temperatures were close to those of the stellar atmosphere models (every 100 K). With this exception, the Stellar Parameter Catalog presented here is functionally identical to that described in McDonald et al. (2012) . Identical cuts have been made to remove stars where accurate parameters could not be determined, either because the source could not be well-modeled by a single stellar spectrum or because there was insufficient good-quality data to model, leaving 103,663 out of the original 117,955 stars with stellar parameters. At this stage, we retained stars where parallaxes were highly uncertain. Fractional error in parallax was determined by the ratio of error in parallax to the measured parallax, both values originating from the Revised Hipparcos Catalog. The 3700+ stars with negative parallaxes were excluded from CELESTA. A sample from the Stellar Parameter Catalog is included in Table 1 . Kopparapu et al. (2014) provide a means to calculate the effective solar flux, S eff , and HZ boundary distances and widths for each star. The parametric equations provided by Equation 4 of Kopparapu et al. (2014) for calculating the effective solar flux were:
Habitable Zone Boundary Parameters
where T = T eff − 5780K, and the coefficients for each of the four were provided in the Kopparapu et al. (2014) paper.
In each of the four cases, the corresponding distance (d) of the HZ boundary can be calculated using Equation
with L/L being the ratio of the star's luminosity compared to the luminosity of our Sun. Note that Kopparapu et al. (2014) stipulate that the coefficients they provide are valid for 0.1M ⊕ −5M ⊕ planets only. They also warn that if an exoplanet is tidally locked to its host star, the Inner HZ could be expanded inward, as described by Yang et al. (2013) . These scenarios, along with the Class II -Class IV HZs described in Section 2, are outside the scope of this paper.
Star Selection
The next step was selecting appropriate stars for the construction of CELESTA . The Stellar Parameter Catalog of 103,663 stars included many stars that were not suitable to our purposes, especially stars off the main-sequence (MS) branch, e.g. giants. The following selection criteria were used in creating the final catalog. Unless indicated otherwise, these selection criteria are mutually exclusive, and stars may have been rejected by one or more of these criteria. Kopparapu et al. (2014) stipulate that the HZ coefficients they provide are only valid for stars between 2,600 K and 7,200 K. Figure 3 contains dashed vertical lines at each of these temperatures. 41 stars below 2,600 K and 23,926 stars above 7,200 K were ineligible for inclusion in CELESTA. Since the work of Kopparapu et al. (2014) only applied to MS stars, we filtered stars based upon their radii. The radius of the star, R, can be found using the familiar Stefan-Boltzmann equation:
where L is the stellar luminosity, A is the surface area, σ is the Stefan-Boltzmann constant, and T is the stellar effective temperature. Using the surface area of a sphere, 4πR
2 , and solving for the radius, R: -H-R Diagram of the stars contained in CELESTA after cuts were applied; every fifth star was chosen for plotting. Note the cut-offs applied to remove giant stars with radii above 10 R (>5500 K) and 4 R (<5500 K). Stars outside the range of 2,600 K -7,200 K were also rejected.
Giants were considered to be stars falling in either of the following two categories: stars with R > 10R , and stars with both R > 4R and T < 5500K. The former excluded 34,169 stars and the latter 10,082 stars. Figure  3 includes dashed lines delineating these boundaries. We also found ineligible 31 stars with R < 0.1R .
At present, no cuts were made based on uncertainty in parallax, though stars with >30% uncertainty in parallax were removed for the analysis that follows. We discuss error in parallax further in Section 5.
Orbital Periods
Orbital periods were derived from Kepler's third law, namely:
where r is the orbital radius and M * is the stellar mass.
CELESTA: THE CATALOG
The final CELESTA catalog contains 37,354 stars, each with a set of associated attributes, e.g. estimated mass, measured distance. A sample from CELESTA can be found in Table 2 , and the complete database can be found online at a dedicated host 5 as well as the VizieR repository 6 . Comparison of the stars with < 30% error in parallax found in both CELESTA and the underlying Stellar Parameter Catalog provided some insights, as seen in Figure  4 . To begin with, we see that the distribution of stars ineligible for inclusion in CELESTA (as indicated by the 5 http://celesta.info 6 http://vizier.u-strasbg.fr unfilled sections of Figure 4) varied by stellar parameter. For example, the temperature spread found in the Stellar Parameter Catalog was more even than with CELESTA, whose concentration was concentrated around 6,000 K; this resulted from the removal of the cooler giants, as was the drop-off of low-mass stars. Few stars near Solar luminosity (<5 L ) were removed, and the cuts in radius (Figure 4 ) was fairly uniform.
The magnitude distribution of CELESTA, the Stellar Parameter Catalog, and Revised Hipparcos Catalog can be seen in Figure 5 . Though CELESTA necessarily presents a smaller number of stars by way of the necessary cuts, we also see a shift in the focus of CELESTA towards the fainter end of the distribution due to the elimination of a greater number of brighter stars (the giants) that would have been easier for Hipparcos to detect than the fainter stars. Conversely, there is bias against closer stars in the Stellar Parameter Catalog because the brightest stars are saturated in several input catalogs, resulting in insufficient data for modeling.
The HZ widths of Figure 6 provide another example of perspective that can be gained from analysis of CELESTA. HZ widths tend to be less than 5 AU, with the majority falling between 1 AU -1.5 AU.
Contrasting CELESTA stars with those of Revised Hipparcos Catalog and Stellar Parameter Catalog, we found that the CELESTA stars tended to be closer, as exhibited in Figure 7 . This selection effect resulted from the MS requirement favoring stars close enough to reach the threshold magnitude of Hipparcos.
LIMITATIONS AND UNCERTAINTY ANALYSIS
CELESTA is a starting point and will grow in both stellar quantity and accuracy of calculated parameters as more data becomes available from current and future surveys. Here we recap some of the limitations of CELESTA and introduce other considerations. As shown by Kane (2014) , the uncertainty in stellar parameters can have a non-negligible effect on the calculated locations of the Habitable Zones. 5.1. Limitations As described in Section 3.1.1, the stars contained in CELESTA are limited to those available in the Revised Hipparcos Catalog. As specified in Section 3.2, CELESTA contains MS stars; M-dwarfs and giant stars are not contained in CELESTA at present. We showed in Section 5.2 that is is possible for stars to be erroneously included or excluded if their temperatures were within ±100K of one of the cutoff temperatures. In section 6 we will touch upon some considerations for different types of surveys, e.g. the necessity to consider the region of sky available to your survey.
Our model does not account for binary stars and so we excluded them (57 stars) from our analysis. We also did not consider the variability of a star in our calculations. Both features could be interesting to investigate in the future.
Predetermined Uncertainty
This section discusses sources of uncertainty that we relied upon but did not ourselves derive. The uncertainty in parallax was provided by the Hipparcos catalog. As mentioned in Section 3.2, uncertainty in parallax was not used to disqualify any stars from CELESTA. However, for statistical work we chose to cap the error in parallax at 30%, excluding over 70,000 stars. Improved parallax measurements will allow additional stars to be included; this will be discussed further in Section 5.6. We utilized EDE provided uncertainties in stellar temperature, stellar radius, and stellar mass when evaluation our predictions, and example of which is shown with Figure  8 . The lack of low temperature stars in CELESTA stems from the exclusion of giant stars, and the upper dropoff from the requirements of Kopparapu et al. (2014) . Upper Right: the removal of stars from CELESTA increased as the luminosity increased. Lower Left: The cuts by radius were more pronounced after 1R . Lower Right: The large number of low-mass (0.5M -1.0M ) stars excluded from CELESTA were mostly giants.
found in EDE were not present in the Stellar Parameter Catalog. This is most likely due to the bias against closer (brighter) stars in the Stellar Parameter Catalog, as discussed in Section 4. CELESTA had 113 Hipparcos numbers in common with the EDE records, an expected consequence of cutting such a large number of stars from CELESTA. What follows are explanations of how we arrived at uncertainties for individual parameters. Figure 8 provides a visual perspective on how we used standard deviation, based purely upon a linear fit between the Stellar Parameter Catalog and the EDE effective temperatures, to determine the uncertainty in our calculated temperature to be ±100K. To attain this uncertainty we recorded the absolute value of the difference between the predicted and observed temperatures for each star, and took the average of these differences to be our standard deviation σ:
The initial deviation was ±160 K, but obvious outliers were present, and we chose 3σ as a clipping point to exclude the outliers. The following ten Hipparcos stars were outside of the 3σ requirement: 8159 (3.0σ), 39417 (3.8σ), 40952 (4.3σ), 42723 (3.4σ), 52409 (3.8σ), 54906 (7.2σ), 55664 (4.3σ), 61028 (4.1σ), 63584 (6.5σ), and 73146 (4.3σ). This uncertainty tells us that some stars near the temperature boundaries could have been included or excluded in error. For example, 1,025 stars that were excluded and 1,129 stars that were included in CELESTA fell within the uncertainty of the 2,600 K -7,200 K limits. HZ and distance calculations also depend upon the calculated temperature and would be impacted as well, and these uncertainties are found in the complete catalog.
To ascertain the uncertainty in radius we applied the same method described above in determining the uncertainty in temperature, comparing the stellar radii calculated by CELESTA to those reported in the EDE, as shown in Figure 9 . The uncertainty in stellar radius was found to be ±0.17R . We removed five outliers that were over 3σ away from the linear fit (dashed line) were excluded: 8159 (3.2σ), 39417 (3.2σ), 42723 (3.6σ), 52409 (3.5σ), and 63584 (5.0σ).. 525 stars were excluded and 1,175 stars were included in CELESTA that lay within the radius uncertainty.
Similarly, as shown in Figure 10 , the uncertainty in stellar mass was determined to be 0.10M . Eight outliers past 3σ were excluded: 1640 3.6σ), 42446 (3.1σ), 43569 (4.9σ), 54906 (4.1σ), 63584 (3.1σ), 80687 (4.0σ), 84069 (5.3σ), and 98714 (6.1σ).
Effective Reddening
As in McDonald et al. (2012) , interstellar reddening has not been accounted for due to the significant uncertainties in local 3D extinction maps. The magnitude of the correction for interstellar reddening depends on stellar color, hence stellar temperature. To test the effect of interstellar reddening, we have taken a typical CELESTA star (HIP1239; 6187 K) and de-reddened it using the approach adopted in McDonald et al. (2009) . Additional reddening of E(B − V ) = 0.01 mag increases the derived temperature by 50 K (0.8%), the luminosity by 3.2% and the radius by 1.7%. The HZ distance will then increase by a similar factor.
There exists a strong similarity between the temperatures derived photometrically in CELESTA and (largely) spectroscopically in EDE (Figure 8 ). Only a handful of stars scatter noticeably above the black dotted line (marking an exact correspondence). This shows that for most targets, interstellar reddening should be negligible compared to other uncertainties inherent in the data (e.g. parallax uncertainties). Confirmation of this can be found by comparing the 3D reddening maps from (e.g.) Lallement et al. (2014) . A typical CELESTA star, at a distance of 125 pc, will only suffer E(B − V ) > 0.03 mag in a few sightlines near the Galactic Plane. The effect of reddening becomes more strongly noticeable for stars beyond ∼300 pc (McDonald et al. 2012) , but for most stars in CELESTA other uncertainties provide a much larger contribution to the uncertainty in the HZ distance.
Propogated Uncertainty
To provide uncertainty in parameters dependent on uncertainties both provided and ascertained, we used the standard uncertainty propagation technique (Taylor 1997) δq = ∂q ∂x δx
Distance (in parsecs) was determined from parallax, p
Propagation of uncertainty yielded the familiar
Fractional uncertainty in luminosity is described by
HZ parameters were given by Equation 1. Propagation of uncertainty led to δS = a + 2bT + 3cT 2 + 4dT 3 δT.
The HZ orbital distance uncertainty was calculated by propagating uncertainty through Equation 2, resulting in
The orbital period is given by Equation 5. Propagation of the uncertainty in d and M gives an uncertainty in P of:
5.6. Gaia: Future CELESTA Upgrades In 2013 the European Space Agency launched the Gaia 8 satellite with a mission to map out the brightest billion stars (de Bruijne et al. 2015) . Greatly increased precision parallax measurements (∼ 24 µas) will start to be released by the Gaia project initially in the form of of the Hundred Thousand Proper Motions (HTPM) catalog, initially set to release 22 months after launch (Eyer et al. 2013) . Currently the ESA is estimating an initial release of data to take place in summer 2016
9 . As new parallax data becomes available, CELESTA calculations will become more precise. Note that as the catalog reaches further distances, interstellar reddening will need to be accounted for.
EXAMPLE APPLICATIONS
The primary purpose of CELESTA is as an input catalog for target selection with current and upcoming exoplanet surveys. For transit and radial velocity (RV) surveys, the sensitivity to planets within the OHZ and CHZ increase as the survey duration increases. Note that the sensitivity of a survey to HZ planets ceases to increase once the survey duration extends past the outer edge of the HZ. There are numerous surveys that are specifically targeting M dwarfs since such systems produce both larger RV and transit signatures for a planet of a given size/mass. In particular, the bias of these techniques towards shorter orbital periods lend themselves towards the discovery of HZ planets around cooler stars since the HZ 8 http://sci.esa.int/gaia/ 9 http://www.cosmos.esa.int/web/gaia/release is closer to the star in those cases. Ground-based surveys of this type include the Habitable-Zone Planet Finder (HPF) (Mahadevan et al. 2012) , the Miniature Exoplanet Radial Velocity Array (MINERVA) (Swift et al. 2014) , and the MEarth project (Irwin et al. 2008 ).
Here we consider both ground and space-based surveys that target a relatively broad range of spectral types, primarily for bright stars which dominate the Revised Hipparcos Catalog. Figure 11 plots the cumulative number of CELESTA stars for which a survey sensitivity lies within the OHZ (green line) and CHZ (blue line) as a function of the survey duration. The vertical dashed lines indicate the typical expected period sensitivity of several current and future surveys. Note that these vertical lines do not make any assumptions regarding the number of transits or RV measurements required for a particular orbital period to be considered a robust detection by that survey and so in some cases the sensitivity may be considerably less than that shown. These cumulative numbers also comprise an upper limit, assuming an all-sky survey.
The TESS mission will observe each pointing for a total of 27 days (Ricker et al. 2015) which yields a total of 4 and 12 CELESTA stars with sensitivities within the CHZ and OHZ respectively. There will be overlap of TESS fields towards the celestial poles that is expected to result in greater period sensitivity in those regions. For example, TESS will continuously observe stars that lie within 17 degrees of the ecliptic pole, probing 101 HZs of the 590 CELESTA stars within that region. Note that the estimated number of stars for which the TESS mission will monitor HZs are slightly underestimated because TESS will observe a number of bright stars not currently included in CELESTA.
For the K2 mission, Howell et al. (2014) anticipate campaigns lasting as long as 75 days. For such an observing duration, the sensitivity for the CHZ and OHZ stars is 87 and 267 respectively. The PLAnetary Transits and Oscillations of stars (PLATO) mission (Roxburgh et al. 2007 ) will have observing campaigns lasting ∼180 days. The campaigns will probe into the CHZ and OHZ for 828 and 1,747 stars respectively.
Finally, the ground-based RV surveys by the HARPS (Bonfils et al. 2013 ) and AAPS (Wittenmyer et al. 2014) teams have now established an extensive time baseline making them sensitive to orbital periods that lie beyond the HZ for most stars. Figure 11 thus shows that the HZ sensitivity of these surveys for CELESTA stars lies where the CHZ and OHZ numbers converge to the maximum number of stars (with uncertainty in parallax under 30%): ∼36,000.
The example applications described here assume that the surveys are limited to the bright stars contained within the Hipparcos catalog. However, there are various surveys that monitor fainter stars, often to increase stellar density and planet yield for transit surveys. As noted in Section 5.6, the Gaia satellite will provide stellar information which will significantly expand the CELESTA catalog to much fainter magnitudes. The Gaia upgrade will correspondingly enable CELESTA to be applicable to a broader range of exoplanet surveys and their expected yield of HZ planets.
CONCLUSIONS
We have created the Catalog of Earth-Like Exoplanet Survey TArgets (CELESTA), a repository containing stellar parameters and habitable zone orbital radii and periods for near-Earth-mass planets that may be found around 37,354 nearby stars. Comparison of theoretical calculations to stars with observational results showed an excellent fit in effective temperature (±100K). Analysis can be extended further as new data become available, e.g. upon the release of Gaia parallax measurements, currently slated for release in summer 2016 (Eyer et al. 2013) . The final Gaia data release of 2021 (Eyer et al. 2013) will coincide well with an upgraded CELESTA for the 2020 launch of Euclid 10 (Penny et al. 2013; McDonald et al. 2014) . Surveys can make immediate use of CELESTA for target selection and mission planning purposes by estimating the number of Habitable Zones probed for a given number of days committed for observation. For updated computations, survey scientists can return to the online edition of CELESTA, available online at a dedicated host 11 and at the VizieR repository 12 .
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